Inner membranes were prepared from Escherichia coli strain RG 145, which is deficient in cytochrome bd, but overexpresses cytochrome bo [Au and Gennis (1987) is also histidine. This assignment was confirmed by measuring the e.p.r. spectrum of the nitric oxide derivative of fully reduced cytochrome bo. This showed a rhombic spectrum with g = 2.098,2.008 and 1.987, and nuclear hyperfine splitting consistent with the co-ordination of ferrous haem by NO and histidine. The hyperfine splittings observed were 1.95+0.05 mT for the 14N of the NO ligand and 0.75 +0.05 mT for the 14N of the proximal histidine. The e.p.r. spectrum of some samples of oxidized cytochrome bo show, at temperatures below 15 K, broad signals at g = 7.6, 3.6 and 2.8, and other preparations in the presence of glycerol yield signals at g = 10.8, 3.2 and 2.6. These signals, which are abolished by the addition of cyanide, are assigned to the binuclear centre, cytochrome o-CuB, suggesting that the binuclear site may display heterogeneity. Carbon monoxide reacts with the reduced enzyme with a stoichiometry of 1: 1, and the dissociation constant for this reaction was determined to be 1.7 x 10-6 M. The second-order rate constants for this reaction were measured and shown to be similar to those determined for bovine cytochrome aa3 [Gibson and Greenwood (1963) Biochem. J. 86,[541][542][543][544][545][546][547][548][549][550][551][552][553][554].
INTRODUCTION
Escherichia coli lacks a cytochrome c-dependent branch to its respiratory electron-transport system and so possesses no aa3-type cytochrome c oxidase. It does, however, express two terminal ubiquinol oxidases, cytochrome bo and cytochrome bd, during aerobic growth (Anraku and Gennis, 1987) . They differ functionally in their sensitivity to some respiratory-chain inhibitors and in their affinity for oxygen. Consequently, their expression is regulated in response to the oxygen level in the environment (luchi and Lin, 1991; Spiro and Guest, 1991) .
Cytochrome bo catalyses the reduction of dioxygen by 2 mol of ubiquinol-8, with the concomitant vectorial translocation of two protons across the bacterial membrane (Puustinen et al., 1989) . It is a 140 kDa tetramer consisting of four dissimilar subunits, the largest of which (CYOI) contains three redox centres.
One of these haems is a low-spin species unreactive towards added ligands. The other haem appears to be magnetically coupled to one copper ion, the third metal centre. The coupled pair is presumed to be the site of dioxygen reduction (Salerno et al., 1990) . Much interest in this enzyme centres on the close relationship between CYOI and the large subunit of cytochrome aa3 (COXI) from both prokaryotes and eukaryotes (Chepuri et al., 1990) . COXI contains two haems of the a type, one of which is low-spin and bishistidine-co-ordinated, and the other is coupled to a copper centre. Optical and magnetic studies of the coupled pair in oxidized cytochrome aa3 have proved difficult because of the presence of a second copper centre (CuA) in another subunit (COXII) which contributes intense optical absorption in the visible and near-i.r. spectral regions. This latter centre, which is involved in the oxidation of ferrocytochrome c, is absent from cytochrome bo. This is in accordance with the absence of cytochrome c from the respiratory chain of E. coli, and the inability of cytochrome bo to utilize it as a substrate (Kita et al., 1984) . Indeed, CYOII shows little sequence identity with COXII, although the predicted hydropathy profiles of the two subunits are very similar, suggesting a conserved structure (Chepuri et al., 1990) .
Several groups have purified cytochrome bo to some degree from both wild-type and overexpressing strains of E. coli (Kita et al., 1984; Matsushita et al., 1984; Withers and Bragg, 1990 ; Carter-Minghetti et al., 1992) , whilst others have chosen to conduct their work on the membranes of overexpressing strains (Salerno et al., 1989 (Salerno et al., , 1990 . This has allowed some characterization of the enzyme. However, some differences between preparations remain, notably concerning the form of the electronic absorbance spectrum of the reduced Abbreviations used: m.c.d., magnetic c.d.; Q, benzoquinone; QO(CH2)11H, undecylbenzoquinone; pH*, apparent pH; PMS, phenazine methosulphate; PMSF, phenylmethanesulphonyl fluoride.
1 1 To whom correspondence should be sent. 709 enzyme in the absence and presence of carbon monoxide. The purpose of the present paper is threefold; firstly, to resolve some of the above uncertainties; secondly, to describe in detail the e.p.r. spectrum of the oxidized enzyme; and finally to obtain direct spectroscopic evidence for both the axial ligation of the haem and the nature of the coupling between the high-spin ferric haem and the copper.
MATERIALS AND METHODS Reagents
Benzoquinone (Q0) and dodecyl peroxide were obtained from Aldrich. Leupeptin and Triton X-100 were obtained from Boehringer-Mannheim. Acrylamide, methylenebisacrylamide and SDS were obtained from BDH. Piperazine diacrylamide was obtained from Bio-Rad. Low-molecular-mass markers for SDS/PAGE were obtained from Pharmacia. Bicinchoninic acid solution, DEAE-Sepharose CL-6B, dodecyl /3-D-maltoside, DNAase I (EC 3.1.21.1), Hepes, octyl /3-D-glucopyranoside, pepstatin, phenazine methosulphate (PMS), phenylmethanesulphonyl fluoride (PMSF) and Sephadex G-50 were obtained from Sigma. 'Deuterated glycerol', in which the exchangeable protons are replaced, was prepared by repeated mixing of glycerol with 2H20 followed by vacuum removal of the excess 2H20/1H20. Undecylbenzoquinone [Qo(CH2)11H] was synthesized from QO and undecyl peroxide essentially as described by Yu and Yu (1982) .
Bacterial strain and growth conditions
The E. coli strain RG 145, which is deficient in cytochrome bd and overexpresses cytochrome bo, has been described previously (Au and Gennis, 1987) . The cells were grown aerobically in a 150L fermenter (Bioengineering A.G., Wald, Switzerland) in 100 litres of minimal medium containing 1306 g of KH2PO4, 192 g of (NH4)2SO4, 40 g of KOH, 145 g of casamino acids, 1300 ml of sodium lactate (60 %, v/v), 1 g of thiamin, 1 g of nicotinic acid, 12 g of MgSO4, 1.5 g of CaCl2,2H20, 0.5 g of FeSO4,7H20 and 0.25 g of CuSO4, 5H20. Growth was at 37°C with agitation (150 rev./min.) and continuous sparging with air (400 litres, min-1) for 14 h. Cells were harvested in early stationary phase at a flow rate of 1 litre min-1 using a Millipore Pellicon tangential-flow ultrafiltration system equipped with four 0.22 ,m-pore-size membranes which provide 1.9 m2 of surface area. The cells were washed using the same apparatus with 5 litres of 50 mM potassium phosphate/0. 1 mM EDTA, pH 7.5, and stored at -20°C prior to use. The yield was usually of the order of 600 g (wet weight) of cells. This supernatant was applied to a DEAE-Sepharose column (5 cm x 30 cm) that has previously been equilibrated in 20 mM potassium phosphate/0. 1 mM EDTA/0. 1% (w/v) Triton X-100, pH 7.5. The column was washed with 3 column vol. of the same buffer, before protein was eluted with a 2-litre gradient formed from the starting buffer and 300 mM potassium phosphate/0.1 mM EDTA/0.1 % (w/v) Triton X-100, pH 7.5.
Isolation of washed bacterial membranes
The fractions that contained most of the ubiquinol oxidase activity were pooled and concentrated to 100 ml. The enzyme was sufficiently pure for most spectroscopic experiments without further purification.
Detergent exchange
Protein was dialysed against 10 mM potassium phosphate/ 0.1 mM EDTA/O.1 % (w/v) Triton X-100, pH 7.5 and applied to a Protein Pak DEAE-15HR column (2 cm x 10 cm) that had been equilibrated in the dialysis buffer attached to a Waters 650E solvent-delivery system. The column was then washed with about 10 column vol. of 10 mM potassium phosphate/O. 1 mM EDTA/0. 1% (w/v) octyl f-D-glucopyranoside, pH 7.5. The protein was eluted isocratically with 400 mM potassium phosphate/O. 1 mM EDTA/0.5 % (w/v) octyl f-D-glucopyranoside, pH 7.5, in about 10 ml. This was subsequently desalted on a Sephadex G-50 column (1.6 cm x 60 cm) equilibrated with 50 mM Hepes/0.2 % (w/v) octyl /3-Dglucopyranoside, pH 7.5. The enzyme (30-40 ,uM) (Smith et al., 1985) .
Spectroscopy
Electronic absorption spectra were recorded using a Hitachi U3200 spectrophotometer. E.p.r. spectra were recorded using an ER-200D X-band spectrometer (Bruker Spectrospin) interfaced to an ESP1600 computer and fitted with a liquid-helium flow cryostat (ESR-9; Oxford Instruments). The amount of low-spin ferric haem was determined by integrating the low-field part of the rhombic signal (Aasa and Viinngard, 1975 ) with reference to
CuEDTA as a standard. The concentration of high-spin ferric haem was estimated from the g= 6.0 signal as described by Hartzell and Beinert (1974) using metmyoglobin fluoride as a standard. M.c.d. spectra were measured using a split-coil superconducting solenoid, type SM-4 (Oxford Instruments), capable of generating a maximum magnetic field of ST and either a circular dichrograph (JASCO J-500D) for the wavelength range 300-1000 nm or a laboratory-built dichrograph (Gadsby and for the range 800-3000 nm.
Metal analysis All manipulations were done using plastic utensils that had previously been acid-washed. Protein (5-20 nmol) was placed in the Teflon insert of a digestion vessel made up to 0.8 ml with AnalaR-grade water. To this was added 0.8 ml of concentrated HNO3 and the insert was sealed within its stainless-steel casing. The digestion vessel was placed in an oven at 120°C for 16 h; on cooling, the digested protein was removed and made up to 10.0 ml volumetrically. The samples were passed through a 0.22 ,um-pore-size filter and stored in plastic vessels at 4°C prior to analysis. Standards (25-500 p.p.b.) of iron, copper, nickel and zinc were made up in 5.6 % HNO3, filtered and stored in identical fashion with the samples. Samples and standards were analysed by inductively coupled plasma emission spectroscopy on a Thermo Jarvell Ash Polyscan 61E instrument.
Gel electrophoresis of proteins
Protein was analysed on SDS/15%-polyacrylamide gels, essentially as described by Laemmli (1970) , except that samples were solubilized in 6M urea/5% (w/v) SDS/1.0% (v/v) ,-mercaptoethanol to prevent aggregation of the protein (Matsushita et al., 1984) . Proteins were routinely revealed by staining in Coomassie Brilliant Blue G250 or by using a diamine silver stain (Merrill, 1990) . The gels that were silver-stained contained piperazine diacrylamide as the cross-linking reagent to reduce the level of background staining (Hochstrasser et al., 1988) .
Formation of the nitrosyl derivatives of reduced cytochrome bo
The NO derivative of reduced cytochrome bo was prepared using (Trittelvitz et al., 1972; Brudvig et al., 1980; Ascenzi et al., 1981 
Kinetics of carbon monoxide binding
The rate of binding of CO to reduced cytochrome bo was determined in a Gibson-Milne stopped-flow apparatus interfaced to a Tracor Northern 6500 diode array spectrophotometer (Blackmore et al., 1990) . Data were downloaded to floppy disc and analysed in terms of exponential processes using non-linear least-squares analysis as previously described (Brittain, 1986) . The rate of reassociation of CO with reduced cytochrome bo after flash photolysis was determined as previously described (Brittain and Greenwood, 1982) . Titrations with CO were monitored spectroscopically by the anaerobic addition ofaliquots of CO-equilibrated buffers to a solution of reduced cytochrome bo, as previously described (Wilson et al., 1975) .
RESULTS

Characterization of purffied cytochrome bo
Solubilization of cytochrome bo from the inner-membrane preparation, followed by chromatography on DEAE-Sepharose, resulted in a 7-fold increase in the specific activity of ubiquinol oxidase activity. Typically the yield was in the order of 150 mg of cytochrome bo from 150 g (wet weight) of cells. The catalyticcentre activity of the enzyme was determined to be 30 s-5 (preparation I) and 24 s-1 (preparation II) using Q0(CH2),,OH as substrate. These values are about 10-fold lower than those obtained using ubiquinol-l as substrate, although the Km for Q0(CH2)110H (7 ,uM) is close to the value of 10 ,uM reported for ubiquinol-I (Matsushita et al., 1984) . After exchange of the Triton X-100 for 0.5 % octyl ,-D-glucopyranoside the ratio A277/A407 was 2.5 (preparation I) and 2.0 (preparation II (Figure 2) . Analysis of the haems by the pyridine haemochromogen method (Falk, 1964) showed them to have a reduced-minus-oxidized absorption spectrum with maxima at 551 nm/521 nm and a minimum at 535 nm, which is reported to be characteristic of haem o ). There appears to be no contribution from any protoporphyrin IX pyridine haemochrome.
Analysis of the protein by SDS/PAGE, showed four major protein bands of apparent molecular mass 66 kDa, 32 kDa, 22 kDa and 17 kDa. The band of 17 kDa could only be revealed by silver staining (Matsushita et al., 1984) . The second subunit (CYOII) appears as a doublet after exchange into octyl /-Dglycopyranoside. This was also observed by Withers and Bragg (1990) shows a Soret maximum at 407 nm, well-resolved a,,f structure and a distinct shoulder near 630 nm. This is typical of low-spin ferric haem, but the shoulder at 630 nm is probably due to highspin ferric haem. Figure 1 shows the temperature-dependence of the e.p.r. spectrum of a concentrated sample of this protein batch. Signals due to both low-and high-spin ferric haem are observed. The features at g = 2.98, 2.26 and 1.50 comprise the rhombic spectrum of the low-spin haem b. Integration of the g = 2.98 peak according to the method of Aasa and Vanngard (1975) indicates that these signals account for % 0.95 mol of lowspin ferric haem/mol of optically determined enzyme. In contrast with this, the high-spin ferric haem g, feature at g = 5.81
represents only a minority species estimated previously to be only 5 % of one haem. The feature at g = 2.20 is one of several which persist to temperatures in excess of 80 K. As will be discussed later, they comprise the rhombic spectrum of a spin = I species. Figure 3 , is strongly temperature-dependent, indicating that its source is a paramagnetic species. Although the spectrum shows a large number of intense features, all are typical of the m.c.d. signature of a low-spin ferric haem of haem o to haem b (Fe-protoporphyrin IX) in preparation of cytochrome bo. The optical spectra and m.c.d. spectra of haem b derivatives have been well studied . However, the optical properties of haem o are less well known. The identification of haem o by Puustinen and Wilstr6m (1991) assigns a structure to the porphyrin ring which contains the same exo-cyclic-ring substituents as protoporphyrin IX, except for the presence of the hydroxyethylfarnesyl side chain. The optical properties of a porphyrin ring system with these substituents are expected to be almost identical with those of the protoporphyrin IX ring system. There will be small shifts of several nanometres in the wavelengths of the major absorption peaks. Gross disruption to the optical spectra of the porphyrin-ring system is brought about by, for example, the presence of strongly electronwithdrawing substituents, such as formyl groups, conjugated to the iT-system or the partial reduction of one or more of the pyrrole rings. Hence we predict that the absorption and m.c.d. properties of haem o will be very similar to those of haem b. As a result of studies of a range of bis-ligated low-spin ferric protoporphyrin IX haem groups, a scale has been derived which enables the axial ligation type to be deduced from a knowledge of the e.p.r. g-values and the energy of the near-i.r. chargetransfer transitions . The charge-transfer band at 1622 nm (Figure 4) , together with the g-values of 2.98, 2.26 and 1.50, suggest bishistidine axial co-ordination of haem b. When the intensity scale in the region of 600-800 nm is expanded (Figure 3) , a sharp trough is observed at 630 nm and a broad, rather featureless, positive m.c.d. band is detected out to 750 nm.
The temperature-dependences of the sharp trough and the broad background are quite different. The m.c.d. spectra of several high-spin ferric haems give rise to a series of positive and negative bands across the region 300-650 nm. However, the intensities of the m.c.d. spectra of high-spin ferric haems at 4.2 K are about two orders of magnitude weaker than those of lowspin ferric haem haem. A detailed study of the magnetic-field-and temperaturedependence of the trough suggests it belongs to a high-spin ferric haem group magnetically coupled to copper(II).
Fully-reduced cytochrome bo Reduction of cytochrome bo with dithionite causes the Soret band to intensify slightly and shift to 424 nm (Figure 5a ). There is a concomitant change in the a/, region of the spectrum, with new maxima of increased intensity at 522 nm and 558 nm and a shoulder at 562 nm, which may represent some asymmetry of the low-spin ferrous haem that gives rise to these transitions. Identical results were obtained using 5 mM ascorbate/0.5 mM tetramethylphenylenediamine as the reductant. Based on the copper content of the enzyme, the peak-to-trough absorption coefficient in the reduced-minus-oxidized difference spectrum for the wavelength pair 558/580 nm is 17 x 103 M-.cm-l.
The dithionite-reduced sample in a sealed cuvette was frozen to record the low-temperature m.c.d. spectrum as shown in Figure 5 (b). For comparison, the 600-1000 nm region of the m.c.d. spectrum of a high-spin ferro-myoglobin derivative is also shown. The three regions of the m.c.d. spectrum are each dominated by one of the two haems present in the protein.
Between 300-500 nm the Soret region m.c.d. arises solely from high-spin ferrous haem. The intensity of the Soret band of lowspin ferrous haem is about 30 times less intense than that of highspin ferrous haem. However, the sharp derivative-shaped bands between 500 and 600 nm are characteristic of low-spin, bisligated ferrous haem. The high intensity is due to the narrow linewidths of the m.c.d. transitions. The most intense derivative shape, which is centred at 552 nm, arises from the low-spin haem b. The weakerfeatures between 560 and 600 nmaredue to high-spin ferrous haem. Hence the spectrum between 300 and 600 nm shows the presence of one low-spin and one high-spin ferrous haem. The spectral features between 600 and 1000 nm all arise from high-spin ferrous haem. The optical transitions which give rise to these bands have been analysed in detail in the case of deoxy-haemoglobin and -myoglobin and assigned to chargetransfer, both Fe(II) to porphyrin and vice versa, and to internal d-d Fe(II) transitions (Eaton et al., 1978) . The m.c.d. associated with these transitions has a characteristic shape (Eglinton et al., 1980; Sharanov et al., 1982) . A comparison is made in Figure 5(b) between the m.c.d. spectrum of the high-spin ferrous haem o and that of a form of high-spin ferrous myoglobin generated by the low-temperature photolysis of CO-myoglobin (J. Peterson, P. M. A. Gadsby, C. Greenwood and A. J. Thomson, unpublished work) . Wavelengths of the major features of these bands are shifted over a narrow wavelength range in the reversible oxygen carriers, depending upon the state of the haem, whether in the relaxed (R), tense (T) or quickly reacting state (Dickerson and Geis, 1983 Figure 1 shows a sharp derivative feature at g = 2.20. When the temperature is raised to 77 K, the overlapping gy component of the e.p.r. spectrum of haem b broadens beyond detection. The g = 2.20 signal is still observable, and an absorption-shaped feature at g = 2.28 becomes detectable. Integration to obtain the absorption envelope of these two features shows that alone they do not constitute a complete spectrum, but must be components of a rhombic spectrum. These two signals, plus a third component at g = 1.95, are clearly detected in the spectrum of the nitrosyl derivative at higher gain. The spectrum of the nitric oxide derivative form of cytochrome bo is presented in Figure 6 (b). The temperature-dependence and intensity of the g = 1.95 feature are consistent with it being the third component of a rhombic spectrum. Knowledge of the three g-values allowed integration of the spectrum and showed this species was present at a level of -0.09 spins/enzyme molecule. No fine structure is observed at low modulation amplitude (0.1 mT). The signal persists up to at least 120 K. This signal is present in all the preparations made in our laboratory.
Finally, there is a rather broad signal centred near g = 3.5, which is most prominent at low temperature and high power. This signal has no obvious counterparts in the rest of the spectrum, nor does it resemble any signal arising from an s= system. On addition of glycerol it disappears and is replaced by a new broad signal at g = 10.8. The latter invited comparisons with the g = 12 signal observed to varying extents in preparations of bovine cytochrome aa3 (Hagen, 1982) . The g = 3.5 and g = 10.8 signals may arise from the haem-CuB coupled pair at the site of dioxygen reduction.
Reaction of CO with reduced cytochrome bo
The reaction of CO with reduced cytochrome bo gives rise to a quite characteristic difference spectrum in the Soret region (Castor and Chance, 1959) , which has been used by a number of authors to characterize the enzyme. Unfortunately, use of this difference spectrum to determine the concentration of the enzyme has led to some confusion, since the values quoted for Ac41"30 vary from 70 x 10' M-1 cm-' to 285 x 103 M-1 cm-' (Matsushita et al., 1984; Kita et al., 1984; .
On allowing reaction of reduced enzyme with CO, the peak of the Soret band shifts to 419 nm, and this is a single peak. The difference spectrum shows there to be new peaks at 535 nm and 560 nm consistent with the formation of low-spin ferrous haem from high-spin haem. The calculated value of Ae41"30 is 89 x 103 M-l cm-' based on the copper content of our preparation. It has been suggested that similar low values for this coefficient represent incomplete formation of the CO adduct. To investigate this we determined the stoichiometry affinity constant and kinetics of binding of CO to reduced cytochrome bo. Our results suggest that the stoichometry of binding is 1: 1 (Figure 7a ) and that there is binding only to the high-spin ferrous haem. The affinity constant (Kd) determined by a Hill plot is 1.7 x 10`6 M ( Figure 7b ). The rate constants of this process were determined both by stopped flow kinetics and flash photolysis (Figure 8 ).
The calculated values of the second-order rate constants for association (k0 ) and dissociation (k --) are 6.1 x 104 M-1 s-and < 10 s-' respectively, and close to those determined for bovine cytochrome aa3 (Gibson and Greenwood, 1963 (Puustinen and Wikstr6m, 1991 (Kon and Kataoka, 1969) . These spectra show significantly smaller hyperfine coupling to the NO and no superhyperfine structure. Thus ligands such as lysine and arginine are unlikely candidates.
These results provide evidence that the three protein-derived ligands to the haems in cytochrome bo are all histidine, as they are in cytochrome c oxidase. In addition, there is a further similarity between the metal sites of the two proteins. The histidine ligand orientations at the low-spin haem site are conserved and, when nitric oxide is bound to the reduced highspin haem, similar e.p.r. hyperfine splittings are observed. This suggests a common protein structure around the metal sites. In the case of the binuclear centre this is further suggested by the similarity of the values obtained for the dissociation constant and the second-order rate constants for CO binding to the reduced enzyme compared with cytochrome aa3 (Gibson and Greenwood, 1963) .
Site-directed mutagenesis of the cytochrome bo complex from E. coli has led to proposals for haem ligation which are consistent with conclusions reached from this work (Lemieux et al., 1992; Minagawa et al., 1992) . Sequence alignments of subunits I from cytochrome bo and from aa3-type cytochrome c oxidases indicate a total of six conserved hisitidine ligands: His-106, His-284, His-333, His-334, His-419 and His-421. Mutant forms of cytochrome bo were examined in membranous preparations, rather than in the purified state, by both e.p.r. and optical-difference spectroscopy. Based on these data it was shown that His-106 and His-426 are axial ligands of the low-spin haem. It ' signal observed in the e.p.r. spectrum of bovine heart mitochondrial cytochrome c oxidase (Brudvig et al., 1981) . It is now well established that preparations of cytochrome c oxidase exhibit considerable structural heterogeneity at the a3-CuB site and probably also at the CuA site (Baker et al., 1987) . A form of the enzyme which shows the g = 12 signal has been identified recently in which a formate group (or carboxylate group from another acid) appears to mediate magnetic exchange between haem a3 and CUB (Moody et al., 1991) . This form of the enzyme is slow to react with cyanide ion in the oxidized form. It seems unlikely that the binuclear site in cytochrome bo can also form this species under preparation conditions. The second species detected in the present work having broad signals between g -2.5 and 4.0 does not appear to have been recognized previously in samples of cytochrome c oxidase. The assignment of these new species in cytochrome bo remains to be clarified. However, their presence attests to the possibility of the binuclear site in cytochrome bo having structural heterogeneity.
The m.c.d. spectra of the oxidized form of cytochrome bo are devoid of any features arising from CuA. The m.c.d. characteristics of CuA(II) are quite distinctive. Intense m.c.d. transitions are observed between 450 and 950 nm (Greenwood et al., 1983) . None of these features is present in the m.c.d. spectra of cytochrome bo. The e.p.r. spectra also are lacking the characteristic signal near g = 2 of CuA(II). These results are consistent with the metal analysis of our preparation. It is now known that a centre structurally identical to that of CuA in bovine cytochrome c oxidase is present in nitrous oxide reductase, although the e.p.r. spectrum of the centre in the former is quite different from the latter (Farrar et al., 1991) . Therefore the form of the e.p.r. spectrum is not diagnostic of the CuA site, whereas the low-temperature m.c.d. signals are.
